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Abstract
Self-fertilization inherently restricts gene flow by reducing the fraction of offspring 
that can be produced by inter-population matings. Therefore, mating system transi-
tions from outcrossing to selfing could result in reproductive isolation between self-
ing and outcrossing lineages and provide a starting point for speciation. In newly 
diverged lineages, for example after a transition to selfing, further reproductive iso-
lation can be caused by a variety of prezygotic and post-zygotic mechanisms that 
operate before, during and after pollination. In animals, prezygotic barriers tend to 
evolve faster than post-zygotic ones. This is not necessarily the case for plants, for 
which the relative importance of post-mating, post-fertilization and early-acting post-
zygotic barriers has been investigated far less. To test whether post-pollination isola-
tion exists between populations of North American Arabidopsis lyrata that differ in 
breeding (self-incompatible versus self-compatible) and mating system (outcrossing 
versus selfing), we compared patterns of seed set after crosses made within popu-
lations, between populations of the same mating system and between populations 
with different mating systems. We found no evidence for post-pollination isolation 
between plants from selfing populations (self-compatible, low outcrossing rates) and 
outcrossing populations (self-incompatible, high outcrossing rates) via either prezy-
gotic or early-acting post-zygotic mechanisms. Together with the results of other 
studies indicating the absence of reproductive barriers acting before and during pol-
lination, we conclude that the transition to selfing in this study system has not led to 
the formation of reproductive barriers between selfing and outcrossing populations 
of North American A. lyrata.
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1  | INTRODUC TION

Mating system transitions from obligately outcrossing to predom-
inantly selfing are one of the most frequent evolutionary shifts in 
angiosperms and have occurred repeatedly across almost all major 
plant lineages (Barrett,  2002). The two main benefits of selfing 
are thought to be transmission advantage (Fisher,  1941) and re-
productive assurance in pollinator and/or mate limited situations 
(Darwin,  1876; Grossenbacher et  al.,  2017). However, there are 
also substantial costs associated with selfing, such as inbreed-
ing depression (Charlesworth & Willis,  2009), as well as pollen 
(Holsinger et al., 1984; Nagylaki, 1976) and seed discounting (Busch 
& Delph, 2012; Lloyd & Schoen, 1992). Therefore, selfing should be-
come prevalent only in situations where the advantages outweigh 
the fitness consequences of pollen and seed discounting, and in-
breeding depression. However, while there are several situations 
where selfing might be favoured in the short-term, such as when col-
onizing a new environment (Baker, 1955; Grossenbacher et al., 2017; 
Stebbins, 1957), it is unclear whether selfing is advantageous over 
longer evolutionary timescales. It has been hypothesized that shifts 
from outcrossing to selfing should significantly reduce the evolution-
ary potential of populations due to the steep reduction in genetic 
diversity that accompanies selfing (Cheptou, 2019; Stebbins, 1957). 
However, despite being potentially disadvantageous over macroevo-
lutionary timescales (Goldberg et  al.,  2010), mating system transi-
tions and subsequent rapid reproductive isolation frequently give 
rise to new lineages of selfing plants.

It is estimated that approximately 15% of vascular plants are 
predominantly selfing and many share a relatively recent common 
ancestor with an outcrossing species (Goodwillie et  al.,  2005). 
These include several cases of apparent rapid speciation (Briscoe 
Runquist et  al., 2014; Foxe et  al., 2009; Guo et al., 2009). For ex-
ample, the self-compatible and highly selfing Capsella rubella is re-
productively isolated from its outcrossing and self-incompatible 
congener C.  grandiflora, and this isolation has evolved within the 
past 20,000 years (Foxe et al., 2009). In some lineages, the transi-
tion to self-compatibility has occurred even more recently and pop-
ulations of the same species are polymorphic for breeding system 
(self-compatibility versus self-incompatibility) and for mating system 
(highly outcrossing versus highly selfing; Foxe et  al.,  2010; Busch 
et al., 2011). For these plants with polymorphic breeding systems, 
the transition to self-compatibility and high rates of selfing might 
promote reproductive isolation and incipient divergence among 
populations.

Reproductive isolation under selfing can arise in several ways. 
Most directly, selfing reduces cross-pollen transfer and gene flow 
among populations (Brys et  al.,  2014; Wright et  al.,  2013). Selfing 
can also indirectly contribute to reproductive isolation (Coyne & 
Orr, 2004) if the evolution of selfing is accompanied by changes to-
wards the so-called selfing syndrome, which describes the typical 
floral morphology and reproductive allocation that often charac-
terize selfing plant species (Sicard & Lenhard, 2011). This syndrome 
likely optimizes the reproductive output of selfing plants and could 

also promote reproductive isolation, both among newly evolved 
selfing lineages and between selfing lineages and their outcrossing 
ancestors (Cutter,  2019). For example, reduced pollen production 
and/or pollen discounting that significantly reduces the amount 
of pollen transferred to conspecifics due to high rates of selfing in 
self-compatible populations can result in reinforcement of isolating 
mechanisms (Rausher, 2017). Furthermore, selfing might accelerate 
divergence among populations by reducing effective population size, 
thereby increasing the effects of genetic drift (Heller & Smith, 1978; 
Wright et al., 2013). Following reductions in gene flow among pop-
ulations, reproductive isolation between selfing and outcrossing 
populations can be enforced by genetic incompatibilities (e.g. B-
D-M incompatibilities between species of Mimulus; Bateson, 1909; 
Dobzhansky, 1937; Muller, 1942; Fishman & Willis, 2001). In spite of 
the importance of self-fertilization as a potential driver of speciation 
in plants, there have been relatively few studies of reproductive bar-
riers in newly arisen lineages of selfing plants.

Reproductive barriers can operate before, during and after mat-
ing. In animal systems, such barriers are typically characterized as 
prezygotic (i.e. mechanisms that reduce zygote formation) or post-
zygotic (i.e. mechanisms that reduce the viability of hybrids and thus 
act after fertilization). In plants, however, it is more precise to distin-
guish between pre- and post-pollination mechanisms. Prepollination 
mechanisms are exclusively prezygotic and include differences in 
geography, phenology and/or pollinator attraction. However, post-
pollination mechanisms can have both pre- and post-zygotic compo-
nents and consist of differences in F1 seed formation and/or viability 
(Baack et al., 2015). Reproductive isolation in plants commonly oc-
curs via a combination of pre- and post-pollination mechanisms 
(Baack et al., 2015; Coyne & Orr, 2004; Rieseberg & Willis, 2007). 
Prepollination mechanisms are generally expected to contribute 
more to total reproductive isolation after the transition to selfing 
(Baack et al., 2015; Widmer et al., 2009), as they act earlier in the life 
cycle and are often individually stronger than post-pollination bar-
riers (Coyne & Orr, 2004; Lowry et al., 2008; Ramsey et al., 2003). 
However, post-pollination mechanisms have likely been underappre-
ciated as drivers of speciation due to their relatively cryptic nature 
(Yost & Kay, 2009).

Reproductive barriers can be asymmetric in plants (Tiffin 
et al., 2001; Turelli & Moyle, 2007), and differences in mating system 
often play a role in such asymmetry through post-pollination mech-
anisms. For example, several self-compatible species can hybridize 
with related self-incompatible species as the female (ovule) parent, 
but not as the male (pollen) parent due to inhibition of pollen tube 
growth in the style (e.g. Dendrobium spp., Pinheiro et al., 2015; Lewis 
& Crowe, 1958). Additionally, cyto-nuclear incompatibilities (i.e. in-
compatibilities between organellar and nuclear genes) between the 
parental genomes can result in asymmetric post-zygotic reproduc-
tive isolation (Caruso et al., 2012; Tiffin et al., 2001). Furthermore, 
conflicts between female and male parents over resource allocation 
to offspring can result in asymmetric post-pollination reproductive 
isolation between self-compatible and self-incompatible lineages 
(Brandvain & Haig,  2005; Willi,  2013). However, surprisingly few 
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studies have attempted to quantify the relative importance of dif-
ferent post-pollination mechanisms of reproductive isolation, and 
the strength of possible asymmetries as potential drivers of spe-
ciation after the evolution of selfing (Pickup et  al.,  2019; Widmer 
et al., 2009).

Here, we use measures of the fertility of within- and between-
mating system crosses of Arabidopsis lyrata ssp. lyrata to exam-
ine mechanisms of post-pollination reproductive isolation in a 
recently diverged selfing lineage. Arabidopsis lyrata has become 
a popular system for studying the early dynamics of the evolu-
tionary shift to selfing, because it displays intraspecific breeding 
and mating system variation in its North American populations 
(Mable et  al.,  2005). Most North American populations are self-
incompatible and outcrossing (multi-locus outcrossing rates 
tm > 0.8), but in several populations all plants are self-compatible, 
and reproduce primarily through selfing (tm: 0.1–0.4; Mable 
et  al.,  2005; Mable & Adam,  2007; Foxe et  al.,  2010). The self-
incompatible and self-compatible populations are geographically 
interspersed and do not exhibit consistent differences in popula-
tion size or habitat type (Willi & Määttänen, 2011). The transition 
to selfing in these populations is thought to have happened re-
cently (<10,000 years ago), as the range now occupied by the self-
incompatible and self-compatible populations was mostly covered 
by ice during the last glacial maximum and the selfing populations 
do not display a clear selfing syndrome (Carleial et  al.,  2017a). 
Furthermore, these populations likely represent multiple transi-
tions to selfing within different population genetic backgrounds 
(Foxe et al., 2010; Mable et al., 2017; Table S1). Due to the mul-
tiple intraspecific origins of selfing, A.  lyrata is ideally suited for 
examining the role of post-pollination mechanisms of reproductive 
isolation in recently diverged selfing lineages.

In this study, we examined post-pollination reproductive iso-
lation in A.  lyrata by quantifying patterns of seed set of crosses 
involving self-compatible (SC) plants from populations with high 
rates of selfing (hereafter: SC populations) and self-incompatible 
(SI) plants from populations with high rates of outcrossing (hereaf-
ter: SI populations). Specifically, we compared crosses within and 
between populations with the same mating system and between 
populations with a different mating system. The latter was done 
reciprocally, which allowed us to assess potential asymmetric re-
productive barriers between SC and SI populations. Specifically, 
we compared seed number and average seed weight to assess 
reproductive isolation due to post-pollination mechanisms. As a 
baseline, we tested whether (a) populations of the same breeding 
and mating system were isolated from one another. Because we 
found some evidence for differences in seed production for with-
in- versus between-population crosses, we examined whether (b) 
these differences were greater among SC than among SI popula-
tions. To test whether there is reproductive isolation between SC 
and SI populations we asked whether there is (c) more isolation 
between populations that differ in mating system than between 
populations of the same mating system; and (d) asymmetric isola-
tion between SI and SC populations.

2  | METHODS

2.1 | Study system

Arabidopsis lyrata ssp. lyrata (L.) O'Kane & Al-Shehbaz is a small, 
short-lived perennial that is native to North America. It occurs in 
dry-mesic habitats with shallow soils, such as rock outcrops and 
sand dunes. Individual plants can produce several stems that ter-
minate in racemes of numerous (>20) small white flowers. Each 
fruit (silique) can produce up to around 40 seeds. The ancestral 
condition in A. lyrata is self-incompatibility (multi-locus outcrossing 
rates tm > 0.8, Table S1); however, the barrier to self-fertilization 
has broken down in several North American populations (Mable 
et  al.,  2005). Additionally, these newly formed self-compatible 
populations have evolved high rates of selfing (tm: 0.1–0.4; Table 
S1) (Foxe et al., 2010).

2.2 | Crossing design

To generate the material needed to test whether SI and SC popu-
lations are reproductively isolated via post-pollination mechanisms, 
we first sowed field-collected seeds from 12 North American A. ly-
rata populations with known breeding (SC versus SI) and mating 
systems (Foxe et al., 2010; seeds were kindly provided by Barbara 
Mable, University of Glasgow). These included six populations with 
high outcrossing rates, high frequency of SI individuals, hereafter 
referred to as SI populations, and six populations with low outcross-
ing rates, high frequency of SC individuals; hereafter SC populations 
(Figure 1, Table S1). Plants were grown in a growth chamber set to 
keep 40%–60% humidity, with temperatures between 17℃ and 21℃ 
during 16 hr days and at 15°C during the night. We performed con-
trolled crosses in 2014 (plants A, B and C, Table S2) and 2015 (plants 
D, E and F, Table S2) with six plants of each of the six SI and six SC 
populations. This crossing design produced progeny with the follow-
ing cross types: within SI population (SI×SIwithin, n = 141), within SC 
population (SC×SCwithin, n = 82), between SI population (SI×SIbetween, 
n = 365), between SC population (SC×SCbetween, n = 384) and be-
tween SC and SI population reciprocally (SI×SC, n = 526 or SC×SI, 
n  =  272); see electronic Table S2 for full details. A total of 1,770 
crosses were made.

2.3 | Seed yield and weight

To obtain the average number of zygotes per fruit for each cross 
type, we first determined whether each of the 1,770 crosses pro-
duced seeds, and then counted all seeds (including seeds that ap-
peared to have been aborted prematurely). To obtain the average 
seed mass per fruit, we pooled all seeds per fruit and excluded 
fruits that did not produce seeds. We then weighed all seeds 
per fruit to the nearest µg using a microbalance (Mettler Toledo 
XP2U).
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2.4 | Statistical analyses

All statistical analyses were done using R (v. 3.5.1; R Core 
Team,  2019). To test whether seed number per fruit differed 
among cross types, we used a generalized linear mixed-effects 
model with a Poisson distribution implemented in lme4 (Bates 
et  al.,  2015) with cross type as a fixed effect, and maternal ID 
(nested within maternal population) and paternal ID (nested within 
paternal population) as random effects. To test whether the aver-
age seed weight of the crosses that produced seeds (n = 1,667 out 
of 1,770) differed among cross types, we used a Gaussian linear 
mixed-effects model with cross type as a fixed effect and the same 
random-effects structure described above.

To make post hoc comparisons between specific cross type com-
binations, we used the glht function in the multcomp package (see 
Table 1) (Hothorn et al., 2008) with a custom contrast matrix to test 
whether (C1a) SI populations are isolated from each other via post-
pollination mechanisms; (C1b) SC populations are isolated from each 
other via post-pollination mechanisms; (C2) SC populations are more 
isolated from each other than SI populations; (C3) there is isolation 
due to mating system differences; and (C4) there is asymmetric iso-
lation between SI and SC populations.

3  | RESULTS

Out of the 1,770 crosses, 1,667 (94%) produced seeds, and cross suc-
cess was >90% in all cross types (per cent of successful crosses by 
cross type: SI×SIwithin: 92.2%, SC×SCwithin: 92.7%, SI×SIbetween: 91.2%, 
SC×SCbetween: 96.9%, SI×SC: 96.0%, SC×SI: 92.3%). Cross type had a 

significant effect on both seed number and seed weight (see Table S3 
for model summary statistics). With regard to the baseline compari-
sons, plants from different SI populations showed no isolation from 
each other via post-pollination mechanisms, because progeny result-
ing from crosses between SI populations did not have a lower seed set 
or seed weight than progeny from crosses within SI populations. The 
same was true for SC populations. In fact, crosses between popula-
tions yielded a higher seed number per fruit (SI×SI: 20.5% increase; 
SC×SC: 39.2% increase) and higher seed weight per seed (SI×SI: 4.8% 
increase; SC×SC: 11.4% increase) than crosses within populations (sig-
nificant effects of C1a and C1b Table 1, Figure 1). This beneficial ef-
fect of inter-population crosses was 3–4× larger for crosses between 
SC populations than for crosses between SI populations, although the 
difference in magnitude was not significant (no significant effect of 
C2 Table 1, Figure 1). In other words, there was no evidence for more 
isolation between SC populations than between SI populations.

On average, crosses between populations that differed in mating 
system (SI×SC and SC×SI cross types) yielded similar seed numbers 
and slightly (1.6%) smaller seeds compared with crosses between 
populations of the same mating system (C3 in Table  1). In other 
words, populations were not isolated more from each other if they 
differed in mating system in terms of seed number and only slightly 
so in terms of seed weight.

Although crosses tended to yield more seeds and larger seeds 
when the maternal cross-partner was SC (SI×SC: 13.9 versus 
SC×SI: 15.0 seeds per fruit; SI×SC: 110.5 versus SC×SI: 131.6 µg 
per seed), cross-direction did not have a significant effect on seed 
number and seed weight (no significant effects of C4, Table  1, 
Figure 1). In other words, there was no significant asymmetric iso-
lation between SI and SC populations.

F I G U R E  1   (a) Effect plot of seed number per fruit by cross type (n = 1,770). (b) Effect plot of average seed weight by cross type 
(n = 1,667). Predictions from the generalized linear mixed-effects models were obtained with the ggpredict function in the ggeffects R 
package (Lüdecke, 2018). Coloured points are predicted values, and error bars represent 95% confidence intervals
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4  | DISCUSSION

Our main finding is that SI and SC populations of North American A. ly-
rata ssp. lyrata are not reproductively isolated from each other via post-
pollination mechanisms. To the contrary, both for the set of SI and the 
set of SC populations, we found that seed number and seed weight 
were higher when plants from different populations were crossed. The 
benefits of crossing between-populations were of similar magnitude 
between the breeding systems. Thus, our results effectively show the 
opposite of what we would expect if the evolution of selfing had driven 
the evolution of reproductive isolation among the studied SC and SI 
populations. Moreover, comparing the reciprocal SI×SC and SC×SI 
cross types provided no evidence of asymmetric pre- or post-zygotic 
post-pollination barriers between SI and SC populations, as cross direc-
tion did not significantly influence seed number or seed weight.

4.1 | No evidence for reproductive isolation of 
newly evolved selfing populations

The lack of reproductive barriers between SI and SC populations in 
terms of seed number and seed weight and the lack of evidence for 
increased reproductive isolation between SC populations clearly 
shows that the transition to selfing has not led to the formation of 
reproductive barriers. By contrast, two subspecies of Clarkia xan-
tiana that differ in mating system are almost completely reproduc-
tively isolated despite being recently diverged (ca. 65,000  years 
ago) (Briscoe Runquist et al., 2014). Similarly, an even more recent 
divergence (ca. 20,000–50,000  years ago), the selfing Capsella 
rubella is considered a separate species from Capsella grandiflora 
based on contrasting floral morphologies and near complete re-
productive isolation (Foxe et al., 2009; Guo et al., 2009; Sicard & 
Lenhard,  2011). Arabidopsis lyrata differs from these systems in 
that (a) plants within SC populations of A.  lyrata do not have fea-
tures associated with the selfing syndrome (Carleial et al., 2017a) 
and (b) SI and SC populations are not reproductively isolated via 
prepollination mechanisms (Gorman, Bond, et al., 2020). Since the 
transition to selfing in SC populations of A. lyrata likely occurred in 
the last 10,000 years (Foxe et al., 2010), it is possible that there has 
not been enough time for the evolution of reproductive barriers 
between these populations, although there is some evidence that 
the SC populations have diverged from the SI populations in their 
life history (lifespan; Gorman, Steinecke, et al., 2020). Therefore, 
reproductive barriers, especially if they are influenced by lifespan, 
could become stronger as SC populations continue to diverge from 
SI populations.

4.2 | No asymmetric reproductive isolation between 
mating systems

Our finding that reciprocal crosses between SI and SC populations 
do not yield differences in seed number and seed weight show that 

there are no asymmetric post-pollination barriers between SI and 
SC A.  lyrata populations. This contrasts with a body of previous 
theoretical and empirical work suggesting that asymmetric post-
pollination barriers to reproduction are common among plants 
with contrasting mating systems (Brandvain & Haig, 2005; Briscoe 
Runquist et al., 2014; Lewis & Crowe, 1958; Pinheiro et al., 2015; 
Willi, 2013). For example, two subspecies of Clarkia xantiana that 
differ in mating system are nearly completely reproductively iso-
lated via several pre- and post-mating barriers and have strong 
asymmetry in seed production, as SI×SC crosses produce sub-
stantially more viable seeds than SC×SI crosses (Briscoe Runquist 
et al., 2014). Arabidopsis lyrata thus differs from this general pattern 
(but see Willi, 2013), and it also did not display any sign of asym-
metric reproductive isolation through differences in pollinator at-
traction or phenology (Gorman, Bond, et al., 2020). Since biased 
cross-compatibilities tend to arise in the presence of other isolating 
barriers and/or post-speciation (Pinheiro et al., 2015), it is possible 
that the transition to self-compatibility in SC populations of A. lyrata 
is too recent for these kinds of obvious asymmetries to develop. 
Despite the lack of divergence for other traits, we recently found 
that SC populations have a reduced lifespan (Gorman, Steinecke, 
et al., 2020). Over longer evolutionary timescales such asymmetries 
could become stronger and contribute substantially to the repro-
ductive isolation between SI and SC populations. However, our 
finding that cross-direction for SI×SC and SC×SI crosses had no ef-
fect on seed number or weight underscores that there are currently 
no strong asymmetrically acting post-pollination barriers between 
SI and SC A. lyrata populations.

4.3 | Potential consequences of secondary contact

We found that seeds produced by between-mating system crosses 
(i.e. SI×SC and SC×SI) had similar seed number and seed weight to 
plants produced by the between-population within mating system 
crosses (i.e. SI×SIbetween and SC×SCbetween). Previous work on pre-
pollination mechanisms of reproductive isolation in A. lyrata found 
that plants produced by between-mating system crosses had 
similar phenological traits to plants produced by within-mating 
system crosses and that the two mating system types substan-
tially overlapped in phenology and lacked pollinator specificity 
(Gorman, Bond, et al., 2020). Taken together, this indicates that in 
a scenario of secondary contact (i.e. SI and SC populations com-
ing into contact with one another), SI and SC populations would 
likely merge. Secondary contact between SC and SI populations 
should therefore yield ample opportunity for cross-pollination. 
The absence of post-pollination barriers to interbreeding between 
plants from SC and SI populations found here indicates that it 
is likely that in a scenario of secondary contact A.  lyrata would 
initially maintain a mixed-breeding system containing a mixture 
of SI and SC plants (Goodwillie et  al.,  2005). Self-fertilization is 
associated with relatively low levels of inbreeding depression in 
A. lyrata (Carleial et al., 2017b; Li et al., 2019). Therefore, admixed 
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populations with a mixed-breeding system could theoretically 
also maintain a stable mixed mating system. The outcome will ul-
timately depend on differences in relative performance between 
SI and SC plants in interplay with ecological factors such as mate 
and pollinator limitation.

5  | CONCLUSIONS

Our experiment showed that SI and SC populations of A. lyrata are 
not strongly reproductively isolated via pre- or post-zygotic post-
pollination mechanisms that affect seed set. To the contrary, cross-
ing between populations (irrespective of their mating system) had a 
considerable benefit over crossing within population. Since we only 
examined seed number and seed weight of F1 progeny, our findings 
cannot rule out genetic incompatibilities that only become detect-
ible in later generations (Dobzhansky, 1937; Fishman & Willis, 2001; 
Muller, 1942). However, a follow-up experiment showed that seeds 
formed by F1 plants in a common garden were as viable as seeds 
formed by the parental plants (C. E. Gorman, M. E. Dorken, and M. 
Stift, unpublished data). Thus, combined with previous findings that 
SI and SC A. lyrata populations are not strongly reproductively iso-
lated by prepollination mechanisms (Gorman, Bond, et al. 2020), we 
conclude that the selfing populations in North American A.  lyrata 
show little to no detectable signs of incipient speciation.
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